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Single-Phase Phase-Locked Loop Based on
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Abstract—High-performance phase-locked loops (PLLs) are
critical for power control in grid-connected systems. This paper
presents a new method of designing a PLL for single-phase sys-
tems based on derivative elements (DEs). The quadrature signal
generator (QSG) is constructed by two DEs with the same param-
eters. The PLL itself is realized by using the DE-based QSG. It
avoids errors due to the overlap and accumulation that are present
in PLLs based on integral elements, such as a PLL based on a
second-order generalized integrator. Additionally, frequency feed-
back is not needed which allows the proposed PLL to achieve high
performance when the grid frequency changes rapidly. This paper
presents the model of the PLL and a theoretical performance anal-
ysis with respect to both the frequency-domain and time-domain
behavior. The error arising from the discretization process is also
compensated, ensuring this PLL method is suitable for implemen-
tation in a digital control system. Simulation and experimental
results show that the proposed PLL achieves good performance in
both harmonic rejection and dynamic response.

Index Terms—Derivative element (DE), digital control,
grid-connected system, phase-locked loop (PLL), single phase.

I. INTRODUCTION

PHASE-LOCKED LOOPS (PLLs) are critical for all types
of grid-connected systems [1]–[4] and paralleled inverter

systems [5], since they allow converters to exchange energy
with the grid or realize the load sharing at high speed and with
high accuracy. In grid-connected systems, the task of the PLL
is to measure the frequency and phase angle of the fundamental
components of grid voltage. PLL designs for single-phase grid-
connected systems can be realized in both the frequency-domain
and the time-domain.

The simplest PLL method detects the phase and frequency
of the grid voltage by measuring the zero-crossing time [6].
However, this method has poor tracking performance because it
only makes adjustments once per power cycle. Additionally, the
accuracy is not guaranteed when the grid voltage is distorted.

PLL methods in the frequency-domain usually obtain the
phase and frequency of the grid through a discrete-time Fourier
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transform [7], [8]. Although these algorithms achieve high pre-
cision, their heavy computational burden prevents them from
achieving high dynamic performance.

PLL methods in the time-domain measure the instantaneous
values of the grid voltage to detect the phase of the fundamental-
frequency component [6]. Closed-loop feedback is used to syn-
chronize the grid voltage signal with the application specific
grid-connected system. The basic structure of the PLL feedback
loop consists of three fundamental blocks: a phase detector
(PD), a loop filter (LF), and a voltage-controlled oscillator. The
performance of the PD is the most critical, as it is required to
output the phase-angle error rapidly and accurately.

Conventional PDs used in three-phase systems are based on
a synchronous-reference frame [9], while simple multipliers are
typically used for PDs to build a power-based PLL in single-
phase systems [6]. However, the output of a multiplier contains
high-amplitude second-order harmonic, which greatly limits the
bandwidth of the PLL and delays the response time [6]. To re-
duce the resulting ripple in the time domain, a first-order low-
pass filter can be added as the LF [10]. The PD itself can also
be improved, and Thacker et al. [11] proposed a mixer-type PD
that can reduce the second harmonic by at least 50%. In [12],
the variable time-delay PLL (VTD-PLL) is proposed, which is
a fast digital PLL method based on a PD including a multiplier
and a complex VTD algorithm. Additionally, using a PD based
on in-quadrature signals can solve the second-harmonic prob-
lem completely [13], [14]. This type of system uses a quadrature
signal generator (QSG) to generate two-phase orthogonal sig-
nals from the grid voltage, after which the Park transformation
is used to obtain the phase error with high precision.

There are several ways of realizing a QSG [15], [16]. For
example, a QSG can be realized by a T/4 transport delay buffer
[17], with T being the period of the grid voltage. However, this
delay-based PLL fails to adapt to any rapid changes in the grid
frequency. In [18], the QSG is based on an integrator. In [19]–
[24], the QSG is based on the Hilbert transform, which involves
the complex design of a finite impulse response filter and an
infinite impulse response filter. In [23] and [24], the QSG is
based on the inverse Park transformation. However, with this
method, the QSG output is not in-quadrature unless the PLL
is synchronized, which delays the transient process. Based on
this kind of method, in [25], a PLL was proposed by using
the dc-offset error compensation. It is also possible to use a
parallel adaptive notch filter to estimate multiple frequencies as
described in [26]–[29]; however, this type of system does not
measure or synchronize the phase angle.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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The current state-of-the-art in QSGs is based on a SOGI
topology, which offers good performance [30]–[36]. In [30]
and [31], multiple SOGIs are combined with a frequency-
locked loop (FLL) to improve performance and obtain harmonic
components. However, there are still potential issues with these
architectures. In both of these works, the central frequency of
the SOGI is supplied by the FLL, and fast changes in the central
frequency can lead to the oscillation. Additionally, two integra-
tor elements are used in each SOGI, which can be an issue in
practical digital control systems. The problem of overlap and
accumulation errors must be treated carefully in the microcon-
troller program or digital signal processor (DSP).

To overcome these issues, this paper presents a PLL based
on derivative elements (DEs). With properly designed param-
eters, a DE-based QSG does not require a frequency feedback
signal and can generate orthogonal signals without the risk of
oscillations. Additionally, the problem of overlap and accumu-
lation errors will no longer be an issue. This leads to potential
improvements in the dynamic performance of the system while
still guaranteeing the precision of the PLL.

The remainder of this paper is organized as follows. In
Section II, the QSG based on a DE is described in detail.
Section III presents the construction of the PLL based on
derivate elements, along with the corresponding controller
design. Section IV describes the discretization of the DE,
and Sections V presents simulation and experimental results.
Finally, Section VI concludes this paper.

II. QSG BASED ON A DE

The transfer function of an ideal DE is given by

G1(s) = s. (1)

This generates a 90o phase shift, but also significantly ampli-
fies the noise. Therefore, in a practical application, a filter also
must be used. Combining the DE with a first-order low-pass
filter (with time constant T1) gives

G2(s) =
s

T1s + 1
. (2)

If the input signal of (2) is v(t) = sin(ωt), the output will be

y(t) =
ω

√
1 + ω2T1

2
· cos [ωt − arctan (ωT1)] − ωe−t/T1

1 + ω2T1
2

(3)
where the amplitude-frequency response is m(ω) =
ω/

√
1 + ω2T1

2 . The derivative of m(ω) with respect to
ω is

ṁ(ω) =
dm

dω
=

(
1 + ω2T1

2)− 3
2 . (4)

For all values of ω, ṁ(ω) > 0. This means m(ω) will increase
monotonically with ω, which means that higher order harmonics
are amplified. This indicates that a first-order filter is not suit-
able for this application, and a second-order filter is necessary.
Combining the DE with a second-order low-pass filter gives

G3(s) =
y1(s)
v(s)

=
s

T1 · T2s2 + (T1 + T2) s + 1
(5)

where T1 and T2 are the time constants of the second-order filter.
If the input is v = sin(ωt), the output from (5) is derived as

y1(t) =
ω

T2 − T1

(
T1e

−t/T1

1 + ω2T 2
1
− T2e

−t/T2

1 + ω2T 2
2

)

+
ω

√
(1 + ω2T 2

1 ) · (1 + ω2T 2
2 )

· cos (ωt − γ) . (6)

When t reaches infinity, the steady-state component of the
output is

ys (t) = lim
t→∞ y1 (t)

= lim
t→∞

[
ω

T2 − T1

(
T1e

−t/T1

1 + ω2T 2
1
− T2e

−t/T2

1 + ω2T 2
2

)]

+ lim
t→∞

[
ω

√
(1 + ω2T 2

1 ) · (1 + ω2T 2
2 )

· cos (ωt − γ)

]

=
ω

√
(1 + ω2T 2

1 ) · (1 + ω2T 2
2 )

· cos (ωt − γ)

= m (ω) · cos (ωt − γ) (7)

where γ = arctan[ (T1 +T2 )ω
1−T1 T2 ω 2 ], and m(ω) is expressed as

m(ω) =
ω

√
(1 + ω2T 2

1 ) · (1 + ω2T 2
2 )

. (8)

The derivative of m(ω) with respect to ω is

ṁ(ω) =
dm

dω
=

1 − T 2
1 T 2

2 ω4

[(1 + ω2T 2
1 ) · (1 + ω2T 2

2 )]
3
2
. (9)

If we define ωR = 1/
√

T1 · T2 , we can see that for ω = ωR ,
ṁ(ω) = 0 and m(ω) reaches its maximum. For ω > ωR , we
can see that ṁ(ω) < 0, which means higher order harmonics
will be attenuated. Hence, if the frequency of the input signal
fluctuates around ωR , the element will amplify the fundamental-
frequency component while effectively attenuating higher order
harmonics.

We can also write the transient component of (6) as

ex (t) =
ω

T2 − T1

(
T1e

−t/T1

1 + ω2T 2
1
− T2e

−t/T2

1 + ω2T 2
2

)
. (10)

If we let T1 = T2 and calculate the limit as T2 → T , (10)
becomes

ex (t) = lim
T2 →T

[
ω

T2 − T

(
Te−t/T

1 + ω2T 2 − T2e
−t/T2

1 + ω2T 2
2

)]

=
ω

(
1 − ω2T 2

)
e−t/T

(1 + ω2T 2)2 +
ωte−t/T

(1 + ω2T 2) T
. (11)

If the frequency of the input signal is exactly ωR , then ex(t) =
0.5 ω2

s te−ωs t . This shows that the transient process does not
exhibit any overshoot or oscillations.

From G3(s), we can introduce another transfer function
G4(s) = G3(s)/s such that a pair of orthogonal signals is
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Fig. 1. Bode diagram of the proposed DE.

generated as follows:

[
y1(s)
y2(s)

]
=

[
G3(s)
G4(s)

]
v(s) =

[
s

T1 ·T2 s2 +(T1 +T2 )s+1
1

T1 ·T2 s2 +(T1 +T2 )s+1

]

v(s).

(12)
Equation (12) can be written as (13) when T1 = T2 = T

⎧
⎨

⎩

G3(s) = y1
v = ω 2

R s

s2 +2ωR s+ω 2
R

G4(s) = y2
v = ω 2

R

s2 +2ωR s+ω 2
R

. (13)

In practice, the frequency of the grid voltage is not a constant
value, but will fluctuate around ωR . In order to examine the
orthogonality of the output signals versus frequency, both of
G3(s) and G4(s) are plotted in the Bode diagram of Fig. 1 by
using MATLAB.

According to Fig. 1 and (13), we can observe that the proposed
DE features the following characteristics.

1) The phase shifts between y1 and y2 is π/2 for all the values
of ω, which means it behaves as a QSG.

2) G3(s) acts as a bandpass filter with a central frequency
of ωR , and G4(s) acts as a low-pass filter with a cut off
frequency of ωR . Therefore, the DE can effectively track
the signal near ωR , while simultaneously rejecting higher
order harmonics.

3) The amplitude and frequency of the DE outputs are ex-
clusively determined by the input, which is different than
in the SOGI.

4) A phase error of γ exists between y2 and v, which can be
written as

γ(ω) = arctan

(
2 (ω/ωR )

1 − (ω/ωR )2

)
. (14)

Since the DE produces a pair of in-quadrature signals, it can be
used to construct a high-precision PLL, which will be discussed
in the next section.

Fig. 2. Structure of a PLL based on DEs.

III. PLL BASED ON DES

A. PLL Constructed by DEs

Fig. 2 shows the block diagram of a PLL constructed by
using two DEs, i.e., DE1 and DE2. The f (s) block represents
the controller.

For an input of vs = sin(ωst + θs), ωR is set as ωR = ωs .
According to (13), the signals generated by DE1 are

{
y1 (t) = m (ωs) · cos (ωst + θs − γs)

y2 (t) = m (ωs )
ωs

· sin (ωst + θs − γs)
(15)

where γs = γ(ωs) is defined by (14). To compensate for a
nonzero value of γs , another DE that has the same parame-
ters as DE1 is added into the feedback loop. This is the element
DE2 as shown in Fig. 2, and its outputs are

{
y1f (t) = m (ω′) · cos (ω′t + θ′ − γ′)

y2f (t) = m (ω ′)
ω ′ · sin (ω′t + θ′ − γ′)

(16)

where γ′ = γ(ω′) is defined by (14).
Finally, the phase error signal εpd is calculated by the

equation

εpd = y2 · y1f − y1 · y2f . (17)

When the PLL is nearly locked, i.e., ω′ ≈ ωs , we obtain γ′ =
γ(ω′) = γ(ωs) = γs . In this case, εpd can be simplified as

εpd ≈ m(ωs)
m(ωs)

ωs
sin (θs − θ′)

≈ ωs

4
sin (θs − θ′) ≈ ωs

4
(θs − θ′) . (18)

As expected, εpd is independent of γs and is proportional to
the phase difference between the input signal θs and the output
signal θ′. Therefore, a PD has been realized. One thing to note is
that the PD gain is kpd = ωs/4, which depends on the grid volt-
age frequency ωs . In a practical grid, the fluctuation of the grid
voltage frequency is less than 5%. Under these circumstances,
the PD gain will only vary slightly, and this will have almost no
effect on the operation of the PLL. In addition, it is worth noting
that the analysis done here is under the assumption that the am-
plitude of vs is 1. If the input signal is vs = Vm sin(ωs t + θs),
the εpd must be divided by Vm .
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Fig. 3. Linear model of the DE-PLL.

B. Parameter Design for the Proportional-Integral (PI)
Controller

Fig. 3 shows the linearized model of the DE-PLL. A PI con-
troller is chosen to implement the controller f (s), which has the
transfer function f (s) = kp + ki/s.

The closed-loop transfer function of the system in Fig. 3 is
derived as

Hc(s) =
θ′

θs
=

kpkpds + kikpd

s2 + kpkpds + kikpd
. (19)

This is a second-order system, and the undamped natural
frequency ωn and damping coefficient ξ can be derived as

⎧
⎨

⎩

ωn =
√

kikpd

ξ = kp

2

√
kp d
ki

. (20)

Using the standard representation of a second-order system,
(19) can be rewritten as

Hc(s) =
2ξωns + ω2

n

s2 + 2ξωns + ω2
n

. (21)

Equation (21) is a second-order system with one zero and two
poles. In this system, as ξ goes near zero, the poles approach
the imaginary axis, and the response becomes oscillatory [32].
However, if ξ > 1, the speed of response becomes quite slow.
The performance of second-order systems is normally measured
by the step response, which settling time can be approximately
calculated by (22) [6]

ts ≈ 4.6
ξωn

(22)

and the overshoot can be calculated by

Mp =
e−ξ(π+arcsinξ)/

√
1−ξ 2

√
1 − ξ2

× 100%. (23)

From (23) and (24), ξ = 0.707 is the best choice to achieve
both a fast rise time and a low overshoot [38]. In order to
guarantee the fast response of PLL, the settling time ts should
be no more than 100 ms. Hence, the ωn can be determined.

However, according to [6], ωn is also related to the noise
bandwidth of the PLL, which is

BL =
∫ ∞

0
|H (j2πF )| · dF ≈ ωn

8ξ

(
1 + 4ξ2) . (24)

The noise bandwidth is proportional to ωn . In order to filter
harmonics effectively, the noise bandwidth is set as BL = 25 ×
2π rad/s. The value for ωn can then be calculated as

ωn =
8ξ

1 + 4ξ2 BL =
4
√

2
9

BL ≈ 98.7307 (rad/s). (25)

Fig. 4. Bode diagram of the DE-PLL.

For a grid with a frequency of 50%± 5% Hz, ωs = 100π rad/s
and kpd = ωs/4 ≈ 78.54. The parameters of the PI controller
can be calculated as

{
Kp = 2ξωn/kpd = 1.778

Ki = ω2
n/kpd = 124.112

. (26)

The resulting settling time can be calculated as ts ≈
0.0659 (s), and the overshoot is Mp ≈ 2.79% [37]. Fig. 4 shows
the Bode diagram of the DE-PLL. This system is stable with a
phase margin Pm = 127° and a gain margin Gm→�.

IV. DISCRETIZATION OF THE PLL BASED ON DES

A. Discretization of the DE

By defining the sampling time as Ts and writing z = ejωTs ,
the equations in (12) can be discretized by the backward dif-
ferentiation formula [36]. The transfer functions in the discrete
domain are given by

[
y1 (z)

y2 (z)

]

=

[
G1 (z)

G2 (z)

]

v (z)

=

⎡

⎣
Ts

2 (z−1)
T 2 z 2 +2T (Ts −T )z+(Ts −T )2

Ts

T 2 z 2 +2T (Ts −T )z+(Ts −T )2

⎤

⎦ v (z) . (27)

If v(k) = sin[ωs · (kTs) + θs ], the outputs can be derived
from (27) as follows:

{
y1 (k) = m (ωs) · cos [ωs · (kTs) + θs − γs + ωsTs/2]

y2 (k) = m (ωs )
ωs

· sin [ωs · (kTs) + θs − γs ]
(28)

where γs = γ(ωs) is defined by (14). The phase shift between
y1(z) and y2(z) is no longer π/2, and in fact becomes

ϕ = (π + ωsTs) /2. (29)
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This discretization process results in the phase error of
ωsTs/2. Therefore, a correction is needed to ensure the out-
put signals are in-quadrature. Considering that

y1 (k − 1) = m (ωs) · cos [ωs · (kTs) + θs − γs − ωsTs/2] .
(30)

A new intermediate variable can be introduced as

yP
1 (k) =

1
2

[y1 (k − 1) + y1 (k)]

= m (ωs) · cos [ωs · (kTs) + θs − γs ] · cos(ωsTs/2).
(31)

For Ts ≤ 2.8473 × 10−4 (s), cos(ωsTs/2) ≥ 0.999, i.e.,
cos(ωsTs/2) ≈ 1, yP

1 (k) can be written as

yP
1 (k) ≈ m (ωs) cos [ωs · (kTs) + θs − γs ] . (32)

Therefore, the phase shift between yP
1 (k) and y2(k) is π/2.

yP
1 (k) can, therefore, replace y1(k) as the output.

B. Stability Analysis of the Closed-Loop System

The discrete transfer function of the closed-loop system is
derived as

Hc(z) =
kpdkpTsz − kpdkpTs + kpdkiT

2
s[

z +
( 1

2 kpdkpTs − 1
)]2 + kpdT 2

s

(
ki − kpdk2

p /4
) .

(33)
This closed-loop system has the following two poles:

z1,2 =
(

1 − 1
2
kpdkpTs

)
± jTs

√
kpd

(
ki − kpdk2

p /4
)
. (34)

For kpdkp = 2ξωn and kpdki = ω2
n , (34) can be written as

|z1,2 | =
∣∣∣(1 − ξωnTs) ± j

√
1 − ξ2ωnTs

∣∣∣

=
√

(1 − ξωnTs)
2 + (1 − ξ2) (ωnTs)

2 . (35)

Since ξ = 0.707, |z1,2 | =
√

1 − 2ξωnTs + ωn
2Ts

2 which is
located within the unit circle of the z plane. Therefore, the
stability of the system is guaranteed as long as the sampling
time meets the condition of

Ts < 2ξ/ωn = 0.0143 (s) . (36)

In practice, this condition is easily fulfilled.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The proposed DE-PLL is simulated by using the S-function
tools of MATLAB/Simulink. In order to simplify the simulation,
the state equations of the DE were derived from (27) by defining
y1 and v as state variables, which gives

[
ẏ1

ẏ2

]

=

[
− 1

T 2 − 2
T

0 1

] [
y1

y2

]

+

[
1

T 2

0

]

v. (37)

The grid voltage and frequency used for the simulations is
100 V/50 Hz. Scenarios of grid voltages with sag, phase jump,

Fig. 5. Simulation results of DE-PLL for a 50% sag in the grid voltage (i.e.,
an amplitude step).

Fig. 6. Simulation results of SOGI-PLL for a 50% sag in the grid voltage (i.e.,
an amplitude step).

frequency step, frequency slope, and grid distortion are con-
sidered. As shown in [16], the SOGI-PLL shows satisfactory
performance for it achieves a tradeoff between steady-state ac-
curacy and dynamic response under a wide range of grid dis-
turbance conditions. So that the SOGI-PLL was simulated as
a comparison with its parameters designed in [33]. The in-
put vs , output phase θ′, output frequency ω′, and phase error
e = θs − θ′ of DE-PLL and SOGI-PLL are plotted for each
test case, respectively. In order to compare the performance of
PLLs, the controller of DE-PLL has the same design parameters
with SOGI-PLL, i.e., parameters used in all of the simulations
were chosen as follows. An undamped natural frequency of
ωn = 98.7307 rad/s, a damping coefficient of ξ = 0.707, and a
sampling time of Ts = 5 × 10−5 s.

Figs. 5 and 6 show the behavior of the DE-PLL and SOGI-
PLL under a grid voltage sag of 50% at t = 0.1 s. For the
DE-PLL, the settling time is 0.0696 s and the overshoot of the
output frequency is 14.05%. Whereas for the SOGI-PLL, the
settling time is 0.0802 s and the overshoot is 9.14%. In this
case, DE-PLL has higher overshoot of the output frequency
signal and shorter settling time.

The simulation result for a 90o phase jump in the grid volt-
age is shown in Figs. 7 and 8 for the DE-PLL and SOGI-PLL
respectively. For DE-PLL and SOGI-PLL, the overshoot of the
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Fig. 7. Simulation results of DE-PLL for a phase step.

Fig. 8. Simulation results of SOGI-PLL for a phase step.

Fig. 9. Simulation results of DE-PLL for a frequency step.

output frequency is 77.30% and 53.17% and the settling time is
0.0689 s and 0.1104 s separately.

Fig. 9 shows the simulation results of DE-PLL for a frequency
step from 50 to 55 Hz in the grid voltage. The overshoot of the
output frequency is 5% and the settling time is 0.0362 s. At the
same time, Fig. 10 shows the simulation results of SOGI-PLL,
in which the overshoot is 6% and the settling time is 0.0538 s.
In Fig. 10, a small ripple is observed in the output frequency of
SOGI-PLL, which is due to the feedback of frequency.

Figs. 11 and 12 show the simulation results for a frequency
slope from 50 to 60 Hz in 0.2 s, which is started at t = 0.1 s.

Fig. 10. Simulation results of SOGI -PLL for a frequency step.

Fig. 11. Simulation results of DE-PLL for a frequency slope.

Fig. 12. Simulation results of SOGI -PLL for a frequency slope.

For both of the two PLLs, the output frequency signal follows
the input frequency well with a small steady error. However,
the output of DE-PLL are more smooth, while the SOGI-PLL
output has a little ripple, which is due to the present of the
frequency feedback.

Figs. 13 and 14 show the simulation results when the input
grid voltage is distorted, causing harmonics to be injected at t
= 0.1 s. The sinusoid of θ′ (sin θ′) is also shown in this figure.
The comparison of filtering performance between DE-PLL
and SOGI-PLL with respect to the odd harmonics is shown in
Table I. We can see that the output frequency signal of
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Fig. 13. Simulation results of DE-PLL in the presence of grid voltage
distortion.

Fig. 14. Simulation results of SOGI-PLL in the presence of grid voltage
distortion.

TABLE I
FILTERING PERFORMANCE OF THE DE-PLL AND SOGI-PLL

Voltage
component

THD (%) 3rd harmonic
(%)

5th harmonic
(%)

7th harmonic
(%)

11th harmonic
(%)

Input signal 57.95 10 34 30 35
Output of
DE-PLL

1.32 1.08 0.69 0.23 0.13

Output of
SOGI-PLL

1.10 0.90 0.56 0.20 0.10

DE-PLL has no obvious oscillation in the presence of distortion
and rapidly enters a state of stable operation. Whereas the
SOGI-PLL has the same filter performance, but needs more
time for the transient process.

As shown in the previous analysis, the DE-PLL has less fre-
quency oscillatory than SOGI-PLL in the steady state. In cases
of a grid voltage with sag and a phase jump, the settling time of
DE-PLL is shorter than that of SOGI-PLL and larger overshoot.
In case of a frequency step, DE-PLL has better performance than
SOGI-PLL both in the settling time and overshoot. While the

Fig. 15. Experimental results of DE-PLL and SOGI-PLL for a 50% sag in the
grid voltage (i.e., an amplitude step).

Fig. 16. Experimental results of DE-PLL and SOGI-PLL for a phase step.
(a) Output frequency ωDE−PLL and ωSOGI−PLL . (b) Output phase θDE−PLL
and θSOGI−PLL .

performance of these two PLLs is similar in case of a frequency
slope and grid distortion.

In conclusion, DE-PLL presents faster response than the
SOGI-PLL, especially in case of frequency changes. It also
presents a less oscillating frequency signal in steady state.

B. Experimental Results

In order to verify the feasibility and effectiveness of this
algorithm, the control system is implemented using a DSP chip
from Texas Instruments (TMS320F28335). The output of DE-
PLL and SOGI-PLL are observed using an oscilloscope through
a DAC7724 chip.
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Fig. 17. Experimental results of DE-PLL and SOGI-PLL for a frequency step.

Fig. 18. Experimental results of DE-PLL and SOGI-PLL for a frequency
slope.

Fig. 15 shows the behavior of the DE-PLL and SOGI-PLL
under grid voltage sag of 50%. The settling time and overshoot
of the DE-PLL are smaller than that of the SOGI-PLL. What is
more, the frequency output of DE-PLL is smoother than that of
the SOGI-PLL, which is consistent with the simulation results
in Figs. 5 and 6.

Experimental results for a 90o phase jump in the grid voltage
are shown in Fig. 16, in which the frequency output and phase
output of two PLL were shown in Fig. 16(a) and 16(b) separately.
The settling time of DE-PLL is roughly 40 ms and the settling
time of SOGI-PLL is roughly 60 ms.

Fig. 17 shows the experimental results for a frequency step
from 50 to 55 Hz, and the settling time of DE-PLL and SOGI-
PLL are all roughly 60 ms.

Fig. 18 shows the experimental results of the response for a
frequency slope. The experimental results show the same results
as in the simulation. Notice that in this case, the output frequency
exhibits no oscillation, while in case of the SOGI-PLL, output
presents a considerable fluctuation.

Fig. 19 shows the experimental results when the input grid
voltage is distorted by harmonic injection. The experimental
results show a small settling time of about 30 ms.

The experimental results verify the excellent performance of
the DE-PLL proposed in this paper, and show the possibility to
implement this system easily. As shown in [39], the performance
of PLL is important for the stability of grid-connected systems
because their reference currents are obtained through the PLL.

Fig. 19. Experimental results of DE-PLL and SOGI-PLL in the presence of
grid voltage distortion.

For the same reason, the PLL is also critical for the paralleled
inverter systems because the reference voltages are also obtained
through the PLL [5]. The DE-PLL achieves high performance
in obtaining high-accuracy phase and frequency signals from
the input. The improved performance by DE-based PLL will
significantly benefit the applications, such as grid-connected
systems and paralleled inverter systems.

VI. CONCLUSION

This paper presented a PLL based on DEs for use in systems
connected to single-phase power grids. The DE has a simple
structure, and it does not have the issues of overlap and accu-
mulated error that are found in a traditional SOGI element. Its
parameters are simply decided by the frequency of the grid volt-
age. The DE structure can effectively eliminate harmonics when
configured to operate as a QSG, and its outputs track the input
signal rapidly and accurately without overshoot or oscillation.

The PLL is constructed by using two DEs. Since feedback
of the input or output frequencies to the DEs are not needed, a
sudden change in input frequency does not lead to apparent os-
cillation. Choosing the parameters for the controller is a simple
procedure, and the entire system can be efficiently implemented
using a DSP. The performance of this system was compared
with the SOGI-PLL through simulations and experiments, and
the results showed that this system can be readily applied to
practical power grid applications.
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